Abstract Interferon-stimulated gene 15 (ISG15) is an ubiquitin-like protein, which can either be found as a free protein or covalently-bound to target proteins via ISGylation. The functions of free and conjugated ISG15 are ambiguous in tumorigenesis owing to its roles as an oncogene and a tumour suppressor gene. This dual role for ISG15 could be a result of the cancer cell type and the cellular context. Here, we report that ISG15 expression is upregulated in different cancer cells compared to normal cells. Furthermore, we found higher endogenous, free ISG15 protein levels in MCF7 breast cancer cells than in other cells, suggesting that non-conjugated ISG15 levels are cell type-specific. Additionally, we demonstrated that interferon gamma (IFN-) increased both free and conjugated levels of ISG15 in MCF7 cells. Interestingly, endogenous conjugated and free ISG15 levels were differentially regulated by IFN-in several cell lines. On characterisation of the subcellular distribution of ISG15 in several cell types, our results indicated that free ISG15 was mainly localised to the cytoplasm of MCF7 cells, whereas ISGylation marks were also found in the cytoplasm, but mainly in the nucleus, with a specific distribution pattern in each cell type. Thus, free and conjugated ISG15 protein levels and their subcellular distribution are cell type-dependent, whereas IFN-signalling may differentially control the abundance of both ISG15 forms in transformed and normal cells.
Introduction
Interferon-stimulated gene 15 (ISG15) is a 15-kDa protein that contains two ubiquitin-like domains (N-terminal and C-terminal) and the amino acid sequence LRLRGG in its C-terminal domain, similar to the ubiquitin protein (Reich et al. 1987; Knight et al. 1988; Potter et al. 1999 ). Analogous to the ubiquitination process, ISG15 covalently binds to its target proteins through a system of three enzymes: the E1 activating enzyme, the E2 conjugating enzyme, and the E3 ligase. Hence, the ISG15 protein constitutes the post-translational modification known as ISGylation (Loeb and Haas 1992; . In humans, the ISGylation system is principally formed by the UBE1L (E1), UBCH8 (E2), and HERC5 and EFP (E3) enzymes, as well as an enzyme for the de-ISGylation process USP18/UBP43. Nevertheless, ISG15 has also been detected when it is not conjugated to proteins, commonly known as free ISG15 Kim et al. 2004; Zhao et al. 2004; Dastur et al. 2006; Wong et al. 2006; Zou and Zhang 2006; Basters et al. 2014) .
The first studies of ISG15 show that protein ISGylation has an antiviral function (Kunzi and Pitha 1996; Harty et al. 2009; Lenschow 2010) , and that free ISG15 proteins secreted from lymphocytes and monocytes stimulate the production of interferon gamma (IFN-) from immunologic cells, maintaining an active immune system (Knight and Cordova 1991; D'Cunha et al. 1996a, b; Bogunovic et al. 2012) . Furthermore, it has been amply demonstrated that ISG15 and the enzyme system for ISGylation are induced by both IFN-type I α and β (Recht et al. 1991; Malakhova et al. 2003) . Additionally, the upregulation of ISG15 expression is common under viral and bacterial infections (Radoshevich et al. 2015; Kim et al. 2016) . Although some proteins have been reported as targets of ISGylation Zhao et al. 2005; Takeuchi et al. 2006) , its relevance and mechanism of action for these proteins are not completely known; similarly, the biological relevance for free ISG15 remains to be deduced.
Specifically in tumorigenesis, the roles of free ISG15 and ISGylation are not well-defined, despite many studies. Some studies suggest that protein ISGylation is an antagonistic system to the ubiquitination system in order to provide stability to proteins in breast cancer cells (Liu et al. 2003; Takeuchi and Yokosawa 2005; Desai et al. 2006; Desai et al. 2012) . Nonetheless, protein ISGylation has also been associated with the destabilisation of proteins, such as cyclin D and p53 (Feng et al. 2008; Huang and Bulavin 2014) . Moreover, it was proposed that ISG15 and ubiquitin can form mixed chains to regulate protein stability (Fan et al. 2015) , and that exogenous ISG15 expression increases the overall ubiquitination pattern (Wan et al. 2013) .
The upregulation of ISG15 expression has been reported in several cancer cells, such as melanoma, breast, prostate, hepatocellular, lung, and nasopharyngeal cancer (Padovan et al. 2002; Bektas et al. 2008; Feng et al. 2008; Satake et al. 2010; Desai et al. 2012; Burks et al. 2014; Li et al. 2014; Chen et al. 2016 ). Some studies demonstrate that downregulation of ISG15 expression using interfering RNA specifically decreases the propensity of cancer cells to proliferate and migrate, which suggests oncogenic activity of ISG15 in breast cancer cells (Desai et al. 2012; Burks et al. 2014 ). In contrast, using similar experimental strategies, there is also evidence demonstrating that ISG15 inhibits proliferation and tumour development and induces cellular apoptosis (Wan et al. 2013; Mao et al. 2016) , suggesting that protein ISGylation as a key mechanism to explain the antitumor activity of ISG15, because this modification can increase the activity of tumour suppressors or negatively regulate its inhibitors (Jeon et al. 2012; Park et al. 2016 ). Conversely, a study proposed that ISG15 conjugation to proteins can promote breast tumour growth, whereas the free ISG15 form has antitumoural activity (Burks et al. 2015) . Thus, free or conjugated forms of ISG15 have a complex role in the progression of tumorigenesis.
Based on this logic, factors able to differentially modulate the free and conjugated forms of ISG15 may result in either an inhibition or progression of tumour development; however, the proportion of the free and conjugated ISG15 protein levels, its subcellular distribution, and its impact in tumorigenesis are unclear. Hence, the localisation, the proportion of free to conjugated ISG15, as well as its regulation could be determined for each cell type, and, consequently, could be key factors that affect the potential of ISG15 to be oncogenic.
In this study, we investigated the free and conjugated forms of ISG15 in several transformed and normal cells, and evaluated its subcellular distribution and regulation by different stimuli. Our results indicated that the free ISG15 abundance and the ISGylation profile are characteristic of the cellular context and each cell type, and that both ISG15 forms are differentially compartmentalised in these cells. Interestingly, we found that IFN-is an important inductor for ISGylation and free ISG15 in a cell type-dependent manner. Thus, our data suggest that these factors are critical for the functions of free and conjugated forms of ISG15 in some cancer cell types.
Material and methods

Reagents and antibodies
Recombinant human interferon gamma (285-IF-00) was obtained from R&D systems. Culture mediums were obtained from Invitrogen, and reagents were obtained from Sigma, AMRESCO-VWR, and BioRad. The antibodies anti-ISG15 (F-9, sc-166,755), anti-α-Tubulin (B7, sc-5286), and anti-β-actin (C4, sc-47,778), as well as secondary antibodies antirabbit IgG (sc-2004) and anti-mouse IgG (sc-2005), were obtained from Santa Cruz Biotechnology. Anti-Lamin B1 was obtained from Cell Signalling (D4Q4Z). Secondary antibody Alexa Fluor 647 anti-mouse IgG (ab150107) was obtained from Abcam.
Cell lines
The C9 (rat hepatocytes), and CHO (Chinese hamster ovary) cell lines were maintained in DMEM. The HepG2 (human hepatoma), MCF7 (breast cancer), and AD293 (embryonic kidney) cell lines were maintained in MEM. The A549 (lung cancer) cell line was maintained in F12. In all cases, the mediums were complemented with 10% FBS and antibiotics (penicillin/streptomycin).
Subcellular fractionation and total extracts
For the nuclear and cytoplasmic fractions, a protocol previously described was modified (Grewal et al. 2000) . Cells were homogenised (homogenisation buffer: 250 mM sucrose, 3 mM imidazole, and protease and phosphatase inhibitors) and then passed 15 times through a 22-gauge needle. Cells where then centrifuged at 3400 rpm for 10 min to separate the supernatant (cytoplasmic fraction) from the pellet (nuclear fraction). Both fractions were lysed with RIPA buffer (TrisHCl, NaCl, EDTA/0.5% deoxycholic acid, 1% NP-40, and 0.1% SDS) at 4°C for 1 h and subsequently centrifuged at 13400 rpm for 5 min at 4°C. For total extracts, the cells were lysed with TNTE buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 0.5% Triton-X-100) with protease and phosphatase inhibitors. Protein extracts were quantified by the Bradford method. From cell lysates, 50-100 μg of protein was separated by SDS-PAGE, followed by immunoblotting. Protein detection was performed using SuperSignal West Pico chemiluminescent substrates (Thermo Scientific).
Immunofluorescence assay
Glass coverslips were coated with poly-L-lysine in 12-well culture plates, in which MCF7 cells were seeded. The cells were fixed for 10 min at room temperature using 4% paraformaldehyde and permeabilised for 10 min at 4°C with 0.1% Triton X-100. A blocking solution with 10% horse serum in PBS was used for 1 h at room temperature. Slides were incubated over night with anti-ISG12 1:100, followed by three washes, and then incubated with secondary antibody 1:750 for 1 h in the dark. Using ProLong Diamond Antifade Mountant with DAPI (Invitrogen), the slides were prepared to study using confocal laser microscopy imaging. The analysis was performed with ImageJ.
Bioinformatics
The cancer microarray database Oncomine (www. oncomine.org) was consulted in order to evaluate the ISG15 expression between normal tissue and several tumours from patients.
The predictions software for subcellular localisation for ISG15 protein were:
PSORT (http://www.genscript.com/psort.html).
PSORT II (http://psort.hgc.jp/form2.html). ESLpred (http://www.imtech.res.in/raghava/eslpred/submit. html).
Statistical analysis
Figures shown are representative from 3 independent experiments. Densitometry was carried out with the ImageJ NIH. Data were shown as relative units or percentage. The loading controls were used to normalize densitometry data. To calculate statistical significance was used a t-student's test using GraphPad Prism software. It was considered as significant a p-value < 0.05 (*) and p-value < 0.01 (**).
Results
Free ISG15 and ISGylation profiles are enhanced in MCF7 cells
In order to address that ISG15 is deregulated in several cancer types, we performed an analysis in silico using the Oncomine database to analyse the ISG15 expression from human normal tissue and cancerous tissues. As a result, we identified that ISG15 is upregulated in several cancers relative to normal conditions. Importantly, 12 data sets in the Oncomine database for breast cancers showed ISG15 mRNA levels higher than in normal tissue samples. Two of these data sets are Cancer Genome Atlas (TCGA) and Curtis data set, which are shown as representative results of analysis from Oncomine for breast cancerous tissue (Fig. 1a, b and c) . Since high ISG15 mRNA levels are common in cancerous cells, we next evaluated the protein encoded by this gene. First, we performed immunoblot assays to detect the endogenous, free ISG15 protein and ISGylation levels using a specific antibody for ISG15 in three transformed cell lines, the MCF7 (breast cancer), A549 (lung cancer) and HepG2 (hepatoma) cells, as well as in three normal cell lines, the AD293 (human embryonic kidney cells), CHO (Chinese hamster ovary cells) and C9 (rat liver cells). We observed that MCF7 cells displayed higher levels of endogenous, free ISG15 protein than the other cell types, whereas different endogenous ISGylation marks were detected in all cells (Fig. 2a) .
In order to investigate stimuli able to modulate ISG15 protein levels and ISGylation in MCF7, we decided to evaluate IFN-, an interferon II type, which triggers signalling pathways linked to cancer. Our results indicated that IFN-significantly enhanced free ISG15 levels relative to the control (Fig. 2b) . These results led us to analyse whether IFN-could also affect ISGylation levels. In the absence of IFN-, there were higher levels of free ISG15 protein and lower levels of ISGylation. However, after IFN-treatment for 24 h, both the ISG15 levels and the ISGylation levels were increased in the breast cancer cells, although, the proportion of free ISG15 protein remained higher than the ISGylation levels ( Fig. 2b from short to long film exposure). Together, these results suggest that free ISG15 protein levels are particular to each cell type. Furthermore, MCF7 breast cancer cells have high, free ISG15 levels at basal conditions, whereas both the levels of free proteins and conjugated proteins are increased in response to IFN-treatment.
IFN-had an effect on the free ISG15 and ISGylation levels in other cells types
Next, we investigated whether IFN-affected the levels of free ISG15 and ISGylation in other cells types, or if this effect was specific to the MCF7 breast cancer cells. First, we compared the free ISG15 and ISGylation levels in the MCF7 transformed cells and AD293 normal cells. As we expected, we detected an enhanced level of free ISG15 and ISGylation marks in MCF7 cells treated with IFN-, but this effect was not apparent for the AD293 cells, where IFN-seemed to only weakly increase the ISGylation marks (Fig. 3a) . Hence, we looked at other cell lines, the transformed A549 and HepG2 cells, and the normal C9 and CHO cells, and compared their responses to IFN-. The ISGylation marks were clearly increased in the A549 and HepG2 cells on treatment with IFN-. Interestingly, free ISG15 protein was also notably induced in the A549 and HepG2 transformed cells, whereas no band for the free ISG15 protein was detected for C9 and CHO cells in response to IFN- (Fig. 3b and c) . Therefore, IFNincreased the ISGylation and free ISG15 levels in a cell type-dependent manner; IFN-principally induced ISGylation in the MCF7, A549, HepG2 and AD293 cells when compared to the C9 and CHO cell lines (Fig. 3c) . However, free ISG15 protein levels are principally enhanced by IFN-in MCF-7, A549 and HepG2 transformed cell lines.
Subcellular distribution of ISGylated and free ISG15
Since the free ISG15 and ISGylation statuses seemed to be different in each cell type, the subcellular distribution of both ISG15 forms could be functionally important and could be cell type-specific. Therefore, we decided to explore the cellular localisation of ISG15 through three strategies. First, we used the software PSORT, PSORT II, and ESLpred to predict the cellular localisation of ISG15. These programs predicted that ISG15 could be distributed within both the cytoplasm and the nucleus, but mainly being localised to the cytoplasm. Specifically, the predicted localisation for ISG15 was 52.2% cytoplasmic, 21.7% nuclear, 17.4% mitochondrial, and a small fraction in the plasma membrane (4.3%) and the cytoskeleton (4.3%; Fig. 4a ). To assess these predictions, we performed an immunofluorescence assay with MCF7 cells using an anti-ISG15 antibody. We observed that ISG15 was highly detected outside the nucleus, however, a weaker signal was possible to detect in the nucleus (Fig. 4b) . Because immunostaining does not discern between the free and conjugated ISG15 proteins, we performed cellular fractionation assays for MCF7 cells, using lamin B1 and α-tubulin as controls for the nuclear and cytoplasmic fractions, respectively. The anti-ISG15 antibody was used for the identification of free ISG15 and/or ISGylation marks in both fractions of either control or IFN--treated cells. The total cell lysate of MCF7 cells was used to compare the distribution of ISG15 in each subcellular fractionation (Fig. 4c) . We observed that the free and conjugated ISG15 bands were differentiated between the cytoplasmic and nuclear compartments, and this signal merged in the lane for the total cell lysate. Importantly, the free ISG15 protein was more localised to the cytoplasm, whereas the conjugated protein seemed to be mainly in the nucleus of MCF7 cells (Fig. 4d) . Moreover, this subcellular distribution of free and conjugated ISG15 was enriched with IFN-treatment (Fig. 4e) . When we separated the nuclear and cytoplasmic fractions of other cells lines (A549, HepG2, AD293 and C9 cells), we observed that all cell lines had a differential ISGylation profile for their nuclear or cytoplasmic distribution (Fig. 4f) . Thus, our results suggest that the ISGylation marks are compartmentalised, thereby making ISGylation a post-translational modification not exclusive to cytoplasmic proteins, but also for nuclear proteins. Finally, the free ISG15 protein may have a critical role in the cytoplasm of MCF7 cells.
Discussion
The ISG15 protein constitutes a post-translational modification named ISGylation, which is a lesser-known protein modification. Initially, ISGylation was identified by its antiviral function, where free ISG15 was found as a secreted protein from immune cells and could be recognised through specific receptors (Knight and Cordova 1991; D'Cunha et al. 1996a; D'Cunha et al. 1996b) . Despite its identification since 1979 (Farrell et al. 1979) , studies on ISG15's functions and its regulation have only increased gradually. In the field of cancer, it is known that ISG15's expression is enhanced in several cancer types, and this upregulation has been linked to the tumorigenic characteristics of various cancerous cells Western blot using anti-ISG15 antibody to analyse total protein extracts from MCF-7 cells that were incubated for 24 h without or with IFN-100 ng/ml for 24 h (b) (Padovan et al. 2002; Feng et al. 2008; Desai et al. 2012; Burks et al. 2014; Li et al. 2014 ). However, ISG15 has also been shown to act as a tumour suppressor gene (Jeon et al. 2012; Wan et al. 2013; Mao et al. 2016; Park et al. 2016) . Moreover, despite that protein ISGylation was first suggested as an antagonistic system for ubiquitination, it has been recently shown that ISGylation also destabilise several proteins (Liu et al. 2003; Takeuchi and Yokosawa 2005; Feng et al. 2008; Desai et al. 2012; Huang and Bulavin 2014; Fan et al. 2015) . Whether protein ISGylation or free ISG15 has an effect on tumorigenesis has been poorly understood. Recently, a study suggested that ISGylation promotes tumour development, whereas free ISG15 impedes this process (Burks et al. 2015) .
We considered that the complex roles for ISG15 in tumorigenesis could be strongly related to the cell type. We confirmed through our analysis of the Oncomine database that there were higher level of ISG15 mRNA in cancer (notably in breast cancer) than in normal conditions. Despite the higher ISG15 mRNA levels, this information does not indicate the abundance of free or conjugated ISG15 in the cells. We decided to evaluate the free ISG15 protein levels in different cell lines (MCF7, A549, HepG2, AD293, CHO and C9), only MCF7 cells had enhanced levels of endogenous, free ISG15. Based on this, our results suggest that the free ISG15 levels were distinct and characteristic between the cell types.
Moreover, we found that IFN-increased the levels of free ISG15 and the ISGylation profile in MCF7 cells. This result is Fig. 3 IFN- increases free ISG15 levels in transformed cells. The abundance of free ISG15 and ISGylation profile were detected by western blot using anti-ISG15 in total cell extracts from MCF7 and AD293 cells (a), as well as A549, C9, HepG2 and CHO cells, which were incubated for 24 h without or with IFN-100 ng/ml (b). Densytometry of ISGylation and free ISG15 are showed as fold change and percentage compared to control very important because ISG15 has been previously considered a target gene for IFN-type I α and β, but not for IFN-. However, a previous study indicated that IFN-increases the mRNA levels of ISG15 in MCF7 cells, suggesting that ISG15 is an IFN-target gene (Cui et al. 2004 ). In addition, it has been proposed that ISG15 stimulates the secretion of IFNfrom immune cells (Recht et al. 1991) . More importantly, a dual role in tumorigenesis has been proposed for IFN-, where several studies indicate that, in some cases, IFN-activates the immune system to defend against tumours, but IFN-can also allow the tumour to escape the surveillance of the immune system, as it is a cytokine secreted from the tumour cells (Zaidi and Merlino 2011; Legrier et al. 2016; Mandai et al. 2016 ). Hence, ISG15 and IFN-may be strongly related and could activate signalling pathways that are critical for tumorigenesis.
On this basis, we analysed the effect of IFN-on free and conjugated ISG15 in different transformed cell lines (MCF7, A549 and HepG2) and normal cell lines (CHO, C9 and AD293). Interestingly, we detected that IFN-enhanced the ISGylation and the free ISG15 form in the probed transformed cells rather than in the probed normal cells. Thus, the regulation of endogenous, free or conjugated ISG15 levels by IFNmay be different in cancer and normal cells.
Additionally, our work demonstrated that the free ISG15 and the ISGylation marks are compartmentalised, because the Fig. 4 (b) . Cytoplasmic (Cyto), nuclear, and total cell extracts from MCF7 cells incubated for 24 h with or without IFN-100 ng/ml were analysed by western blot with anti-ISG15 antibody. Western blot with anti-Tubulin and anti-Lamin were used as control for the cytoplasmic fraction and nuclear fraction, respectively (c). Densytometry of ISGylation and free ISG15 in the nuclear and cytoplasmic fraction showed as relative units (D). Densytometry of ISGylation and free ISG15 induced by IFN-in the nuclear and cytoplasmic fraction showed as fold change compared to control (E). Comparison of the ISGylation profile for cytoplasmic and nuclear fractions from A549, HepG2, AD293 and C9 by western blot with anti-ISG15 antibody (F) bands detected by the anti-ISG15 antibody in total extracts from MCF7 cells were separated between the cytoplasm and nucleus. In MCF7 cells, this profile was potentiated by IFN-, which induced both nuclear ISGylation and the levels of free ISG15 in the cytoplasm. Moreover, it is notable the unique profiles of endogenous ISGylation marks in either the cytoplasm or the nucleus were cell type-specific. These distinct subcellular distributions of free and conjugated ISG15 could be a link to uncover the functions of this protein in cancer.
In summary, ISG15 is emerging as a key protein in cancer for its ability to interact with other proteins in either its free or conjugated form. Despite the increased ISG15 mRNA levels in cancer cells, this does not define the intracellular proportion of free to conjugated ISG15, which seems to be unique to each cell type. The subcellular distribution of ISG15 forms in various cell types suggests its many mechanisms of action, both as a modifying protein and as a free protein. Furthermore, the interplay between IFN-and ISG15 may have a central role in the progression of tumours.
